The anticancer effect and apoptotic mechanism of a novel indole derivative AC-264, a lead derived from a chemical library, were investigated in human promyelocytic leukemia HL-60 cells. HL-60 cells treated with AC-264 at various concentrations showed the morphological features of apoptosis, such as plasma membrane blebbing and cell shrinkage. AC-264 exhibited cytotoxic effect in various cancer cell lines with different degrees of potency. Especially, AC-264 was effective on increasing the population of apoptotic cells in HL-60 cells, as detected by the number of cells stained with Annexin V and PI. Furthermore, AC-264 activated caspase-3 enzyme activity and induced internucleosomal DNA fragmentation. These results indicated that AC-264 produces anti-cancer effect via apoptotic cell death by activating caspase-3 and inducing internucleosomal DNA fragmentation in HL-60 cells.
Introduction
Apoptosis is essential for normal development and the maintenance of homeostasis. It is involved in a variety of clinical disorders such as cancer, autoimmunity, hematopoietic disorders, and infertility. Many current anticancer drugs kill particular types of tumor cells through apoptosis. Apoptotic cells are characterized by specific morphological and biochemical changes, including cell shrinkage, chromatin condensation, budding, and internucleosomal cleavage of genomic DNA. The process is tightly regulated and mainly orchestrated by a family of cysteine proteases called caspases. [1] [2] [3] Two main apoptosis pathways have been identified, the death-receptor pathway and the mitochondrial pathway. The death-receptor pathway is triggered through ligand binding to receptors in the plasma membrane, such as the Fas/CD95 and TNFR1, which subsequently activate caspase-8 and downstream caspases. The mitochondrial pathway involves the activation of caspase-9 which in turn activates downstream executioners. [4] [5] [6] However, both of the two pathways converge at the level of caspase-3 activation, resulting in chromosomal DNA fragmentation. 7 Apoptosome-activated caspase-3 can then trigger hallmarks of apoptosis by proteolytical cleavage and activation of a DNase, which mediates DNA fragmentation. [8] [9] [10] Caspases are not the unique mediators of programmed cell death. Serine proteases are implicated in cell death occurring without activation of caspase family members, or sequentially related to caspases. [11] [12] [13] In recent years the regulation of cell cycle and apoptosis has received much attention as a possible means of eliminating excessively proliferating cancer cells. Cancer occurrence requires the failure of the apoptotic safeguard mechanisms as well as the deregulation of the cell cycle.
14 Virtually many anticancer approaches including chemotherapy, hormones and radiation, induce cytotoxicity of tumor cells by apoptosis. [15] [16] Initiation of apoptosis is controlled by regulation of the balance a These authors equally contributed to this work. between life and death signals received by the cells. 17 It has been reported that the anti-tumor efficacy of several chemotherapeutic agents are correlated with their apoptosis-inducing ability. 18 Therefore, the identification of apoptosis inducers represents an attractive approach for discovery and development of potential anticancer agent.
Of note, a variety of indole-containing compounds have been reported to exhibit anti-apoptotic properties, including 3-aroylindole compound BPR0L075, indole-3-acetic acid (IAA), and 3-Amino-1,4-dimethyl-5H-pyrido [4,3-b] indole (Trp-P-1). [19] [20] [21] As part of our ongoing research program for anticancer chemotherapy, we have constructed synthetic chemical library via derivatization of commercially available trans-3-indoleacrylic acid was screened using MTT assay. An indole derivative AC-264 ( Fig. 1 ) was chosen as a lead compound because of its novel structure and potency, and further evaluated for its anti-cancer effect. Herein, we examined the effects of AC-264 in human promyelocytic leukemia HL-6 cells and other cancer cell lines. Particularly, we observed the preference of AC-264 to induce apoptosis of HL-6 cells, and the possible mechanisms involved in the apoptotic effect of this compound were investigated.
Experimental Section
Chemistry. The chemical library was constructed via derivatization of commercially available trans-3-indoleacrylic acid. The screening results of our chemical library, synthesis and characterization of AC-264 were described in the supporting information. Stock solutions were prepared by using DMSO as a solvent. It was further diluted in DMSO to the desired concentrations for experimental use.
Cell lines and media. Human promyelocytic leukemia HL-60 cells were obtained from Korean Collection for Type Cultures (KCTC). SNU-1 (gastric carcinoma), A549 (lung carcinoma), HepG2 (hepatocellular carcinoma), and K562 (chronic myelogenous leukemia) cells were obtained from the American Type Culture Collection (ATCC). IMDM, RPMI and MEM media were purchased from GIBCO-BRL (Grand Island, NY). AcAsp-Glu-Val-Asp 7-amino-4-trifluoromethyl coumarin (Ac-DEVD-AFC) was obtained from Enzyme Systems Products (U.S.A.). Annexin V-FITC was purchased from BD Biosciences (U.S.A.). Camptothecin, propidium iodide (PI), MTT and DMSO were obtained from Sigma Chemical Co. (U.S.A.).
Cell cultures and cytotoxicity assay. HL-60 cells were cultured in IMDM supplemented with 20% fetal bovine serum and 100 IU/100 μg/mL penicillin/streptomycin at 37 o C in 5% CO 2 humidified incubator. A549, SNU-1, K562, and HepG2 cells were cultured in RPMI1640 and MEM with 10% FBS in a CO2 incubator at 37 o C. The cytotoxicity of AC-264 was determined by the mitochondria-dependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan. 22 Briefly, exponentially growing cells were plated into 96-well plates, followed by treatment with different concentrations of AC-264 for 24 h. Thereafter, MTT was added for another 4h-incubation at 37 o C. Plates were analyzed on a Benchmark microplate reader (Bio-Rad, Hercules, CA, USA) at 570 nm. All experiments were repeated at least twice with similar results. Cell viability in control medium with DMSO without any treatment was represented as 100%.
Flow cytometric analysis. Extent of apoptosis was measured using Annexin V-FITC apoptosis detection kit (BD pharmingen, San Diego, CA) according to manufacturer's instruction. Briefly, 2 × 10 5 HL-60 cells in exponential growth were treated with AC-264 at 0, 5, 10, 20, and 40 μM for 24 hours, and then washed 2 times with PBS. The cell pellet was gently re-suspended with Annexin binding buffer (10 mM HEPES/NaOH, 140 mM NaCl, 2.5 mM CaCl2; pH 7.4) and stained with 5 μL of Annexin V-FITC and 5 μL of propidium iodide (PI) at room temperature for 15 min in the dark. The reaction mixture was measured by FACS calibur (Becton Dickinson, NJ, USA) and stained cells analyzed by CellQuest.
Caspase-3 activity assay. After incubation with AC-264 at 0, 5, 10, 20, and 40 μM for 24 hours, cells were harvested and washed once with cold PBS. The cells were lysed using 15 μL of lysis buffer containing 10 mM EDTA, 0.5% Triton X-100, and 10 mM Tris-HCl (pH 8.0) at room temperature for 10 min. Lysates were transferred to fluorescent plate. For enzyme reaction, 100 μL of assay buffer (100 mM HEPES; pH 7.5, 10 mM dithiothreitol, 10% sucrose, 0.1% CHAPS, 0.1% BSA) and 10 μL of substrate (Ac-DEVD-AFC) were added in each well. Fluoroscene at 400 nm (excitation) and 505 nm (emission) was measured using LS50B fluorometer (PerkinElmer, Beaconsfield, UK) after incubation at 37 o C for 1 h. TUNEL assay. Individual apoptotic cell death was observed using In Situ Cell Detection kit, AP (Roche, Mannheim, Germany) as described by the supplier's instruction. Briefly, HL-60 cells treated with 20 or 40 μM of AC-264 for 24 h were harvested and washed with cold PBS. Cells were fixed with 4% (v/v) formaldehyde at room temperature for 1h on side-glass, washed with PBS and incubated in fresh permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 2 min on ice. After another wash, the cells were incubated with terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) reaction mixture and left on the slide for 1h at 37 o C. Apoptotic cells were identified under fluorescence microscopy.
DNA fragmentation assay. After incubation with AC-264, cells were harvested and washed with PBS. Then apoptotic DNA was purified using Apoptotic DNA ladder kit (Roche, Mannheim, Germany). Briefly, cell pellets were lysed in 200 μL of lysis buffer containing 10 mM Tris-HCl (pH 8.0), 10 mM Urea, 6 M guanidine-HCl and 20% Triton X-100 at room temperature for 10 min. The lysate flowed to the filter and washed the filter with 4 mM NaCl, 0.4 mM Tris-HCl (pH 7.5) and 80% EtOH. The DNA bound to the filter was eluted with 200 μL of elution buffer (10 mM Tris-HCl, pH 8.5). After isolated DNA was treated with RNase A (100 μg/mL) for 10 min at 37 o C, DNA fragments were separated by 1.5% agarose gel containing 0.5 μg/mL of ethidium bromide and analyzed under UV illuminator.
Statistical analysis. Each experimental value was expressed as means ± standard errors of the mean (SEMs). Statistical analysis was performed using Student's two-tailed t-test to compare independent means, employing Microsoft Excel.
Results and Discussion
Identification of a novel indole derivative AC-264 and its cytotoxicity against various cancer cells. The cell growth inhibitory and cytotoxic effects of the compounds were investigated by MTT assay with campothecin (CPT), a known anticancer agent, as a positive control. [22] [23] A total 50 compounds from our synthetic chemical library were screened for their potential cytotoxic effect on human promyelocytic leukemia HL-60 cells. The chemical library was constructed via derivatization of commercially available trans-3-indoleacrylic acid. Primary screening of the chemical library at 10 μM, followed by second screening of some selected compounds at the concentrations of 5, 10, and 20 μM, resulted in discovery of 3-(3-1H-Indol-3-yl-acryloylamino)-N-(2-piperidin-1-yl-ethyl)-benzamide (AC-264) as a novel lead (supporting information).
Since a variety of indole-based compounds have been reported to have potent anticancer effects, [19] [20] [21] it was of great interest to investigate the effects of an indole-containing compound AC-264 in regulating cell viability, particularly for tumor cells. The study was further designed to determine the dose-dependent effect of AC-264 on growth inhibition in several cancer cell lines, including K562, SNU-1, SK-OV-3, HepG2, A549 and HL-60 cells (Fig. 2 ). These results demonstrate that AC-264 showed different degrees of cytotoxicity on these cells based on the IC 50 values (Table 1) , in particular, AC-264 inhibited the growth of HL-60 cells in a dose-dependent manner as shown in Fig. 2 . Of interest, the leukemia HL-60 cell line is known to be a useful model to study apoptosis of leukemia cells.
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Flow cytometric estimation of AC-264 induced apoptosis and necrosis. In the early stages of apoptosis, phosphatidylserine (PS) is translocated to the outer layer of the membrane i.e. the external surface of the cell and cell membrane remains intact. On the other hand, it features loss of membrane integrity and leakage of cellular constituents into the environment in necrosis. Annexin V binds preferentially to PS, which is normally absent in the outer leaflet of the plasma membrane. This means that Annexin V discriminate between apoptotic and non-apoptotic cells. 26 Accordingly, Annexin V binding assay combined with propidium iodide (PI) was used to collect information about the integrity of the cell membrane. 27 After HL-60 cells were incubated with different concentration of AC-264, cells were stained with Annexin V-FITC and PI which can assess the early apoptotic and late apoptotic cell population (Fig. 3) . AC-264 produced a dose-dependent increase in the apoptotic cell population. The basal apoptotic population in the untreated cell was 4.27%, which increased to 36.45% at 40 μM. This result suggests that AC-264 induced apoptosis in the primary mode of cell death.
Effect of AC-264 on the cell morphology. The growth-inhibitory effect of AC-264 was accompanied by cell shrinkage as observed by microscope, which may indicate apoptotic cell death. We examined the morphological changes of AC-264-treated cells by TUNEL kit. This method is based on the transfer of labeled dNTP to 3'-OH ends of DNA fragments by terminal deoxynucleotidyl transferase. The control cells were normal and the nuclei were round and homogeneous (Fig. 4a) , while the cells treated with AC-264 exhibited the characteristics of apoptosis, with cell shrinkage, nuclear condensation and fragmentation (Fig. 4c) . Effect of AC-264 on activation of Caspase-3 and DNA fragmentation in HL-60 cells. Apoptosis induced by anticancer agents has been associated with alteration in two general pathways. One pathway is the extrinsic pathway initiated by the binding of an extracellular death ligand, such as FasL to Fas. 28 The other pathway is the intrinsic pathway is mediated by mitochondrial alterations. 29 One of the most consistently appeared features of apoptosis is the activation of cytosolic cysteine proteases, such as caspases leading to the loss of cellular structure and function, and ultimately resulting in cell death. 30 In particular, caspase-3, -8, and -9 play crucial roles in the process of apoptosis. 31 According to apoptotic stimuli, caspase-8 is activated through a death receptor mediated pathway and cleavage of caspase-9 plays a key role in mitochondria apoptotic pathway. 32 To examine the effect of AC-264 on caspase-3 activation, HL-60 cells were treated with AC-264 for 24 h. The caspase-3-specific fluorogenic substrate (DEVD-AFC) was used for fluorometric assay. As shown in Fig. 5 , it was found that AC-264 induced activation of caspase-3 in a dose-dependent manner. The induction of DNA fragmentation was demonstrated by incubating HL-60 cells with AC-264 at different concentrations (5, 10, 20 and 40 μM). To examine the effect of AC-264 on caspase-3, the DNA of HL-60 cells was treated with different concentrations of AC-264, which resulted in DNA fragmentation in similar patterns of that with CPT (Fig. 6) . A ladder pattern of DNA internucleosomal fragmentation was observed after treating cells with AC-264 at 10 μM. These results, taken together with the findings on caspase-3 activation, suggest that treatment with AC-264 caused the cells to become apoptotic.
Conclusions
In summary, these results suggest that AC-264 inhibited the growth of human myeloid cell line HL-60 cells via caspase-3 activation and internucleosomal DNA fragmentation. An indole-containing compound AC-264 may be useful as a novel lead for development of cancer suppressor and/or chemotherapeutic agent against cancer. In vivo antitumor efficacy evaluation and pharmacokinetic study is in progress and the results will be reported elsewhere.
